This paper reports the rotational spectrum and structure of the Ar 2 -H 2 S complex and its HDS and D 2 S isotopomers. The ground state structure has heavy-atom C 2v symmetry with the two Ar atoms indistinguishable and H 2 S freely rotating as evinced by the fact that asymmetric top energy levels with K p ¼ odd levels are missing. The rotational constants for the parent isotopomer are: A ¼ 1733.115(1) MHz, B ¼ 1617.6160(5) MHz and C ¼ 830.2951(2) MHz. Unlike the Ar-H 2 S complex, the Ar 2 -H 2 S does not show an anomalous isotopic shift in rotational constants on deuterium substitution. However, the intermolecular potential is still quite floppy, leading to very different centrifugal distortion constants for the three isotopomers. The Ar-Ar and Ar-c.m.(H 2 S) distances are determined to be 3.820 Å and 4.105 Å , respectively. The A rotational constants for Ar 2 -H 2 S/HDS/ D 2 S isotopomers are very close to each other and to the B constant of free Ar 2 , indicating that H 2 S does not contribute to the moment of inertia about the a-axis. Ab initio calculations at MP2 level with aug-cc-pVQZ basis set lead to an equilibrium C 2v minimum structure with the Ar-Ar line perpendicular to the H-H line and the S away from Ar 2 . The centrifugal distortion constants, calculated using the ab initio force field, are in reasonable agreement with the experimental values. However, they do not show the variation observed for different isotopmers. The binding energy of Ar 2 -H 2 S has been determined to be 507 cm À1 (6.0 kJ mol
I. Introduction
Weakly bound complexes, bound by van der Waals or hydrogen bonding interactions have attracted enormous interest in the last few decades. [1] [2] [3] Coupling of molecular beam techniques with various spectroscopic methods has resulted in a wealth of experimental data on such complexes. Rotational spectroscopic studies have been revolutionized by the development of the Balle-Flygare pulsed nozzle Fourier transform microwave (PNFTMW) spectrometer. 4 Rotational spectra of these complexes can provide direct information about the ground state structure, which is the starting point towards developing intermolecular potential surfaces (IPS). Accurate IPS, in turn, can lead to detailed understanding of intermolecular interactions.
Rare gas (RG)-molecule complexes have found a unique place in this field, starting with the very first report on the PNFTMW spectrometer. 5 These complexes are useful as model systems to study the effect of dispersive and inductive forces in intermolecular interactions. The RG-HX (X ¼ halogen) complexes are particularly intriguing as all of them have the structure as written with the HX interacting with RG through H. This has led Bader to conclude that these are 'hydrogen bonded' complexes, 6 though such a view would not be accepted by many. Recently, Aquilanti and 9 Wategaonkar and coworkers 10 have recently reported theoretical results that predict a 12 cm À1 blue shift in O-H stretching frequency for the 'hydrogen bonded' Ar-hydroquinone complex. If hydrogen bonds can have red or blueshift in stretching frequencies, logic demands that there may be hydrogen bonds with no shift in stretching frequencies.
It has been pointed out that the binding energies of hydrogen bonded complexes of second row hydrides (HCl and H 2 S) have significant contribution from dispersive (van der Waals?) forces compared to those of first row hydrides. 11 With the objective of comparing the weakly bound complexes formed by first and second row hydrides, a systematic investigation on Ar m -(H 2 O) n 12-15 and Ar m -(H 2 S) n 14,16 complexes have been reported earlier. This paper reports results on Ar 2 -H 2 S complex and completes the series Ar m -H 2 X for m up to 3 and X ¼ O and S. The experiments on Ar 2 -H 2 S were particularly interesting given the results for Ar-H 2 S 16 and Ar 3 -H 2 S. 14 The Ar-H 2 S showed an anomalous isotope effect in rotational constants. 16 The rotational constant B for Ar-D 2 S is larger than that of the Ar-H 2 S complex. To the best of our knowledge, this is the only example in the literature, showing an increase in rotational constant with increase in mass of an isotope. (Imaginary coordinates are observed if the substituted atom is very close to the center of mass such as in N 2 O 17 or H 2 O-HCl. 18 However, Ar-H 2 S does not belong to this category. The substituted atom is more than 1 Å away from the c.m. It turned out to be the result of an extremely floppy R E S E A R C H P A P E R PCCP www.rsc.org/pccp intermolecular potential surface 19 leading to different zeropoint averaged ground state geometries for Ar-H 2 S and Ar-D 2 S). However, Ar 3 -H 2 S showed a normal isotope effect. 14 What will be the isotope effect on rotational constants for Ar 2 -H 2 S complex? What would be the ramifications of a floppy IPS on the rotational spectra of Ar 2 -H 2 S? How, if at all, does the Ar-H 2 S distance vary in going from Ar-H 2 S to Ar 3 -H 2 S? These questions are addressed in this work. Rotational spectra for Ar 2 -H 2 S,/HDS/D 2 S isotopomers are reported. In addition, results of ab initio calculations are reported at MP2 and CCSD(T) levels of theory with sufficiently large basis sets, up to aug-cc-pVQZ basis set. The theoretical and experimental results are compared and discussed.
Our interest in H 2 S complexes is strengthened by another concern. Recently, we defined 'hydrogen bond radii' for all the hydrogen halides, HCN, H 2 O and C 2 H 2. [20] [21] [22] This definition was based on experimental distances in BÁ Á ÁHX complexes and the electrostatic potential of isolated B. 23 Though not as strong and prevalent as OH groups, SH groups also involve in hydrogen bonding and they are important in the amino-acid cysteine and its derivatives. 24, 25 Experimental data on H 2 S complexes are relatively scarce compared to the other HX listed above. Hence, systematic investigations on several H 2 S complexes are in progress in our laboratory. As argon is typically used as the carrier gas in these studies, identification and assignment of Ar m -(H 2 S) n complexes are essential to our larger objective. The other H 2 S complexes that are currently being investigated are C 2 H 4 -H 2 S, 26 
II. Experimental details
The rotational spectra for Ar 2 -H 2 S and its isotopomers were observed using the Balle-Flygare pulsed nozzle FT microwave spectrometer, fabricated recently in our laboratory. 21 A roots blower (Boc Edwards, EH 250) has been added in between the rotary pump and the diffusion pump. With this arrangement the spectrometer could be operated at 20 Hz, though usually it is operated at about 5 Hz. The Ar 2 -H 2 S complex was formed through supersonic expansion of Ar gas seeded with 1 to 2% of H 2 S. The D 2 S or HDS was formed by flowing H 2 S through several bubblers placed sequentially and filled with either D 2 O or 1 : 1 D 2 O/H 2 O mixture, respectively. The back pressure was kept typically at 0.6 atm. The diameter of the 900 series valve (General Valve) is 0.8 mm. The optimum microwave pulse was of 2.0 ms duration. Typically 1000 to 2000 shots were averaged to obtain a reasonable signal to noise ratio. The identity of the complexes was established by confirming the presence of H 2 S/ D 2 S/HDS and Ar. No signal was observed without H 2 S or when He was used as the carrier gas. The signal appeared again as a few % of Ar was added to the gas mixture in He. All gases were obtained from Bhoruka Gases Ltd and used as supplied: Ar (99.999%), He (99.999%) and H 2 S (99.5%). D 2 O was obtained from Sigma-Aldrich, 99.96 atom% D.
III. Results and discussions

III.1. Search and assignment
The geometry of the Ar 2 -H 2 S complex was assumed to be similar to that of Ar 2 -H 2 O, which is an asymmetric top having a planar structure with C 2v symmetry. 13 In all the complexes involving Ar 2 moiety, the Ar-Ar distance is very close to 3.821 Å , which is the same as in Ar 2 dimer. 22, 30 Table 2 for all three complexes. For Ar 2 -H 2 S and Ar 2 -HDS, rms deviations were B3 kHz. However, for Ar 2 -D 2 S the rms deviation was 8.8 kHz, possibly due to the unresolved hyperfine splitting from D atoms. In all these cases, the uncertainties in determining the rotational constants and the centrifugal distortion constants look reasonable. The distortion constants show significant variation with isotopomers (H 2 S, HDS and D 2 S) compared to the variation observed for Ar 2 -H 2 O isotopomers. 13 Such dramatic variation in distortion constants has been noted earlier between C 6 H 6 -H 2 S and C 6 H 6 -D 2 S isotopomers. 34 Ab initio force field calculations reported later in this paper do predict the distortion constants reasonably well. However, they do not predict the variation observed for the different isotopomers. It certainly is a manifestation of the floppy nature of these complexes having several large amplitude vibrations.
The vibrationally averaged structure has C 2v symmetry as all the transitions observed are between states J Kp,Ko , which have K p and K o either even-even (ee) or even-odd (eo). Transitions corresponding to oe/oo levels could not be seen, though they could be predicted accurately. The C 2 -axis interchanges the two identical spin zero (I ¼ 0) Ar nuclei and it happens to be the 'a'-axis for the complex. According to nuclear spin statistics, the levels with 'oo' and 'oe' will be missing. The same is true for Ar 2 -HCl complex as well. 32 For Ar 2 -HF and Ar 2 -H 2 O complexes the C 2 axis is the 'b'-axis and the 'eo' and 'oe' levels have zero statistical weights.
The sensitivity of the spectrometer below 3 GHz was not good enough to get a good S/N ratio. The 0 00 -1 01 transitions were not observed for -HDS and -D 2 S complexes and in the higher J transitions the nuclear hyperfine splitting due to D atom(s) could not be resolved. Hence, quadrupole coupling constants could not be determined. Based on the experimental results for Ar-H 2 S 16 and Ar 2 -H 2 O, 13 two sets of transitions were expected for Ar 2 -H 2 S/D 2 S corresponding to the internal rotor/tunneling states involving different spin states of H 2 S/ D 2 S. However, so far even after extensive searches both above and below the observed lines, no transitions could be unambiguously assigned to a second state. As Ar and H 2 S have similar masses, it is suspected that several transitions of Ar-(H 2 S) 2 also occur in the same region. Many transitions have been assigned for Ar-(H 2 S) 2 now 28 and it is hoped that unambiguous conclusions about internal rotors states of Ar 2 -H 2 S will emerge. However, for both Ar 3 -H 2 S and Ar 3 -H 2 O complexes also, only one state has been found.
14 Our attempts to look for Ar 2 -H 2 34 S were not successful either.
III.2. Structure
The fact that 'oo' and 'oe' levels are missing also indicates that H 2 S undergoes large amplitude internal motion within the complex. If H 2 S were to be rigid and symmetrically bound to Ar 2 (as in Fig. 1 ), the spin statistics would be similar to that of C 2 H 2 and all rotational levels should be present. If it was rigid but not symmetrically bound, the complex could not have a C 2 -axis. The rotational constant A for Ar 2 -H 2 S is 1733.115(1) MHz, which is very close to that of free Ar 2 dimer. 30 For the -HDS and -D 2 S complexes, A is within 1-2 MHz of the above value. A rigid structure will have significantly different A for the three complexes. The A rotational constants for Ar 2 -H 2 S and Ar 2 -HDS differ by 4-6 MHz for rigid structures and for Ar 2 -D 2 S and Ar 2 -H 2 S, this difference is about 10 MHz. Clearly, the H 2 S unit is not contributing to the A rotational constant of the complex. This, again, happens due to the large amplitude internal rotation of H 2 S monomer within the complex.
The intermolecular separation can be determined using the following inertial equations. As H 2 S does not contribute to the moments about the a axis, it was assumed to be spherical in this analysis:
(1)
Here 'm' is the mass of Ar, 'r' is the Ar-Ar-distance, 'R' is the distance between center of masses of H 2 S and Ar 2 unit and 'm c ' is the reduced mass of the complex. The structural parameters 'r' and 'R' and the inertial axis system are defined in Fig. 1 . This large and positive value supports an effectively planar structure for this complex. This, again, is similar to Ar 2 -H 2 O complex, 13 which has an inertial defect of 3.52 a.m.u. Å 2 .
The above structural analysis gives mainly the distances between the three monomers in Ar 2 -H 2 S. Qualitative information about the orientation of H 2 S can be obtained using the rotational constants of the three isotopomers, Ar 2 -H 2 S/HDS/ D 2 S. It is qualitative because of the floppy nature of the complex and also the fact that the substituted atoms are H/D. The distance of the substituted atom from the c.m is given by:
Here m is the reduced mass for substitution, MDm/(M þ Dm).
The distances for the two hydrogens are determined to be 1.547 Å and 1.401 Å . These distances may be contrasted with the results from C 2 H 4 -H 2 S complex. 26 It is a very floppy complex as well, with both C 2 H 4 and H 2 S exhibiting large amplitude motions within the complex. A similar substitution analysis led Fig. 1 shows a sphere around H 2 S. All the structural parameters including inertial defects (D) for Ar 2 -H 2 S are given in Table 3 along with results from ab initio calculations, which are discussed next.
III.3. Ab initio calculations
III.3.a. Geometry. The ab initio calculations were done to determine the optimized geometry and the barriers to internal rotation of H 2 S within the complex. In addition, the stabilization energy for Ar 2 -H 2 S was determined using super-molecule approach. Gaussian 98 software package 36 and PC-GA-MESS 37 were used for calculations. Frequency calculations were done to ascertain the nature of the stationary points. The vibrational force field from the PC-GAMESS calculations were also used to estimate the centrifugal distortion constants using FCONV/VIBCA codes available through the PROSPE data base. 38 The optimization was done using MP2 method with reasonably large basis sets from 6-311þþG** to aug-cc-pVQZ. All calculations resulted in a true minimum with all positive eigenvalues in the Hessian except for the calculation with augcc-pVDZ basis set, which resulted in a second-order saddle point. Further, CCSD(T) single point energy calculations were done for all MP2 optimized geometries (except aug-cc-pVQZ) using the same basis set that was used for optimization. The initial geometry for optimization was given as a planar C 2v symmetric structure. However, optimization with the different basis sets used in this work led to a non-planar geometry with C 2v symmetry as shown in Fig. 2 . Both hydrogen atoms are pointing towards the Ar atoms and the S is away from them. Calculations at MP2/6-311þþG** level led to another minimum having one H pointing towards Ar 2 and another pointing away. 29 However, this structure could not be optimized with the larger basis sets. Besides, BSSE corrections at this level led to 'de-stabilization' and clearly 6-311þþG** basis set is far from adequate for these weakly bound complexes.
The Ar-Ar and Ar-c.m.(H 2 S) distances both reduce with increasing basis size. The distances calculated at MP2/6-311þþG(3df,2p) are fortuitously close to the experimental values. Particularly, the Ar-Ar distance calculated at this level (3.820 Å ) is very close to the R 0 for Ar 2 dimer 30 , 3.822(2) Å . However, the R e for Ar 2 is less at 3.763 Å , 30 and not surprisingly, higher basis sets give better agreement. The structural parameters do show some convergence and the basis sets used, appear to be large enough. It is evident from the theoretical stabilization energies as well and they are discussed next.
III.3.b. Interaction energy and barrier energies for internal rotation. The interaction energy has been calculated at all levels of theory employed in this work using the super-molecule approach.
The interaction energy from eqn. (5) needs to be corrected for both the zero point energy (ZPE) differences between the complex and monomers and the basis set superposition error (BSSE). 39 Frequency calculations were done at all basis sets except aug-cc-pVQZ and ZPE corrections were done. The BSSE was calculated using the counterpoise (CP) method as follows: 40, 41 BSSE
Here M stands for monomer basis sets and C stands for complex basis sets and the * denotes that the geometry of the monomer is given as found in the complex. The BSSE corrected interaction energy is given by:
Usually, the CP corrected interaction energy is given as:
According to eqn. (8), 
S)
. Results with 6-311þþG(3df,3pd) basis set is from GAMESS calculations and all the others are from Gaussian. Fig. 1 Experimentally observed, vibrationally averaged geometry of Ar 2 -H 2 S. The H 2 S orientation can not be determined accurately with the experimental data and so a sphere is shown around H 2 S. R is the distance between the centers of masses of H 2 S and Ar 2 . r is the Ar-Ar distance.
The BSSE calculated from eqns. (6) and (9) will be significantly different, if the monomer geometries are distorted on complex formation. It is important for hydrogen bonded complexes of HF and H 2 O, for instance. 42 For the Ar 2 -H 2 S complex, the difference in BSSE calculated between eqns. (6) and (9), is only 0.5 cm À1 at MP2/6-311þþG** level calculations. In any case, in this work, BSSE has been reported using eqn. (6) only. Table 4 shows the interaction energies calculated at MP2 and CCSD(T) level calculations with various basis sets. The BSSE is significant (394 cm À1 ) at MP2 level with 6-311þþG** basis set and in fact it is larger than the absolute value of interaction energy (À348 cm À1 ), leading to net 'destabilization'. It is interesting to note that single point calculations at CCSD(T) level with this small basis set, increases both DE (À354 cm
À1
) and BSSE (408 cm À1 ). As the increase in BSSE is more than that of DE, the results look worse at CCSD(T) level than at MP2 level. As the basis size is increased to 6-311þþG(3df,2p), DE increases and BSSE reduces by more than half, leading to a net stabilization of À263 cm À1 . As the basis size is increased to aug-cc-pVQZ, the BSSE reduces to 70 cm À1 only, B15% of the interaction energy of À471.1 cm
. The ZPE correction increased from 103 cm À1 with 6-311þþG (3df,2p) basis set to 117 cm À1 with aug-cc-pVTZ basis set. This increase could be due to the over-estimation of intermolecular vibrational frequencies and it appears that these frequencies should be scaled by 0.7, see next section. The stabilization energy calculated at MP2 level calculations with aug-cc-pVDZ/ pVTZ/pVQZ were used to extrapolate to CBS limit. 43 At this limit, the binding energy of Ar 2 -H 2 S is 507 cm À1 and 418 cm À1 , respectively without and with ZPE corrections. As discussed in the previous section, experimental results do indicate that the H 2 S is quite floppy within the complex. Hence, it was decided to determine the barriers for internal rotation of H 2 S about its principal axes, within the complex by doing potential energy scans. Energies were calculated by varying the corresponding angles by 101 every step, keeping the other structural parameters fixed. To simplify the calculations, S was held fixed. The results of MP2/6-311þþG(3df,2p) calculations are shown in Fig. 3 . Not surprisingly, internal rotation about the b axis of H 2 S has the lowest barrier of only 10 cm À1 . It is less than the zero point energy along this torsional coordinate (13.5 cm ). The barrier for rotation about a and c axes are also small, 53 and 47 cm À1 , respectively. The corresponding torsional frequencies are 49 and 43 cm À1 , respectively. It is clear that the H 2 S can exhibit very large amplitude motions within the complex.
III.3.c. Vibrational frequencies and centrifugal distortion constants. The vibrational frequencies calculated at MP2/ 6-311þþG(3df,2p) and MP2/aug-cc-pVTZ levels of theory are given in Table 5 . The only experimental result available for comparison is that of Ar-Ar stretching observed in the free Ar 2 dimer, 30 which is 30.68 cm
. It is predicted to be 26 cm
in Ar 2 -H 2 S, which seems reasonable. A more stringent test would be the comparison of centrifugal distortion constants from this ab initio force field with the experimental values. Kisiel and coworkers 44 have carried out such analysis for Ar 2 -HF/HCl/HBr and a similar analysis was done here for Ar 2 -H 2 S. The FCONV/VIBCA codes were used to determine the centrifugal distortion constants from the ab initio force field. Table 6 gives the centrifugal distortion constants and the harmonic vibration-rotation contribution to the inertial defect, determined from the force field with and without scaling. (It should be remembered that the equilibrium inertial defect from the calculations (see Table 3 ) is about À3.8 a.m.u. Å 2 , as the out of plane protons do contribute in the equilibrium structure. 
; see text for details; DE ZPE is the interaction energy after zeropoint vibrational energy correction over DE CP . CBS extrapolation was done using the aug-cc-pVnZ results (ref. 43) .
b Zero point energy corrections used vibrational frequencies calculated at MP2/ aug-cc-pVTZ level. Fig. 3 Potential energy surface scan at MP2/6-311þþG(3df,2p) level for internal rotation of H 2 S about its inertial axes within the Ar 2 -H 2 S complex. The S was held fixed in the calculations. Fig. 2 Optimized structure of Ar 2 -H 2 S at the MP2/ 6-311þþG(3df,2p) level of theory. The C 2v symmetry structure has H 2 S plane perpendicular to the Ar-Ar bond. The inertial axes are shown and the prime indicates the axes for H 2 S monomer. R is the distance between the centers of masses of H 2 S and Ar 2 ; r is the Ar-Ar distance; and R 1 is the distance between Ar and c.m.(H 2 S).
In Table 6 , it has been assumed to be zero as the H 2 S appears to be nearly spherical in the complex). A frequency scaling factor of 0.7 gives a reasonable agreement for three of the five distortion constants (D J , D JK and D K ). The other two constants (d 1 and d 2 ) are of smaller magnitude in comparison. They are predicted to be of the right order of magnitude but wrong signs. For Ar 2 -HBr and Ar 2 -HCl, Kisiel and coworkers found that a frequency scaling factor of 0.8 works better. Though, the scaling improves the agreement with centrifugal distortion constants, it is obvious that the Ar-Ar stretching frequency would become even smaller. However, this appears to be a general trend with Ar 2 -HX clusters as this frequency is estimated to be 21 Despite the reasonable agreement between the experimental centrifugal distortion constants and those derived from a scaled ab initio force field, there are at least two experimental observations that point to the inadequacy of the ab initio force field. (1) The distortion constants for Ar 2 -HDS and Ar 2 -D 2 S are predicted to be very similar to those of Ar 2 -H 2 S (within 5%). Experimental distortion constants (see Table 2 ) for the three isotopomers vary by 60-70%. ( 2) The inertial defect calculated from the harmonic vibration-rotation contribution is 4.047/3.891 a.m.u. Å 2 with 6-311þþG(3df,2pd) and aug-ccpVTZ basis sets, compared to the experimental value of 4.650 a.m.u. Å 2 . In comparison, for Ar 2 -HF/HCl/HBr Kisiel and coworkers 44 found much better agreement between the experimental inertial defect and that calculated from the harmonic vibration-rotation contribution at MP2/aug-cc-pVDZ calculations. These observations highlight the fact that the IPS for Ar 2 -H 2 S is floppier than the IPS for the relatively strongly bound Ar 2 -HX systems. It is hoped that the experimental results reported in this paper would stimulate development of more accurate IPS for Rg-H 2 S complexes.
In the Introduction, we commented about the shift in vibrational frequencies observed following complex formation. Table 5 compares the intra-molecular vibrational frequencies involving H 2 S for Ar 2 -H 2 S, H 2 S-H 2 S, and free H 2 S, as well. The S-H stretching frequencies calculated for Ar 2 -H 2 S are both within 2 cm À1 of those corresponding to free H 2 S. At the MP2/6-311þþG(3df,2p) level, there is a 1 cm À1 red shift and at MP2/aug-cc-pVTZ level there is a 1-2 cm À1 blue shift. These results suggest that one needs to exercise caution in interpreting small blue shifts. Interestingly, the S-H stretching frequencies calculated for the acceptor H 2 S in (H 2 S) 2 7 it may be expected that the frequency shifts observed in Rg-H 2 O and Rg-H 2 S would be more pronounced as Rg is changed from He to Xe.
IV. Conclusions
The rotational spectra for Ar 2 -H 2 S and its isotopomers have been observed using PNFTMW spectrometer. It exhibits normal isotope effect unlike Ar-H 2 S dimer. Again, unlike Ar-H 2 S, only one set of transitions has been observed. The experimental rotational constants are consistent with a vibrationally averaged heavy-atom C 2v symmetric structure with both hydrogen atoms pointing towards Ar 2 . The Ar-Ar and Ar-H 2 S distances are determined to be 3.820 Å and 4.105 Å , respectively. The Ar-H 2 S distance falls in between those determined for Ar-H 2 S dimer (4.013 Å ) and Ar 3 -H 2 S tetramer (4.112 Å ). Ab initio calculations have also been reported at MP2 and CCSD(T) levels with large basis sets up to aug-cc-pVQZ. MP2 results give a minimum energy structure which is non-planar with C 2v symmetry where H 2 S plane is perpendicular to the Ar-Ar bond and both hydrogens are pointing towards Ar 2 . The CBS extrapolation for binding energy of this complex is about 6 kJ mol À1 . The vibrational force field from ab initio calculations could reasonably reproduce the experimental centrifugal distortion constants for the parent isotopomer, but they do not predict the changes on D substitution. The harmonic-vibration-rotation contribution to the inertial defect is significantly below the experimental inertial defect, unlike that of Ar 2 -HX (X ¼ F,Cl and Br).
